BACKGROUND & AIMS-The NF-κB/IKKβ pathway has been shown to represent a key link between inflammation and cancer, inducing pro-inflammatory cytokines in myeloid cells and antiapoptotic pathways in epithelial cells. However, the role of NF-κB pathway in gastric carcinogenesis and injury has not been well defined. We derived mice with a conditional knockout of Ikkβ in gastric epithelial cells (GECs) and myeloid cells, and examined responses to ionizing radiation (IR) and Helicobacter felis (Hf) infection.
Introduction
The gastrointestinal tract is under continuous exposure to injurious agents that can lead to cellular stress and trigger epithelial damage and cell death. Epithelial cells can die in different ways that can be distinguished on the basis of cell morphology as well as the intracellular signaling pathways.1 Apoptosis is a naturally occurring form of cell death that can be initiated through the extrinsic and/or the intrinsic pathway, and deregulation of this process contributes to the pathogenesis of a wide spectrum of disorders represented by cancer. 2 Ionizing radiation (IR) is known to be a specific trigger of apoptosis, particularly in the gastrointestinal tract 3 and as such IR is often used to treat advanced cancers which are often more resistant to apoptosis. 4 Apoptotic cells send out signals to phagocytic cells that locate and engulf the dying cells in a generally non-inflammatory manner. In contrast to apoptosis, cellular necrosis lacks the features of apoptosis or autophagy and does not occur normally.5 Cellular necrosis is induced by various external factors, and typically leads to oxidative stress and a strong inflammatory response. 6 Although the relationship of necrosis to inflammation has for a while been poorly understood, recent studies suggest that IL-1α acts as a mediator that translates signals from necrotic cells to induce the recruitment of immune cells to the site of injury. 7, 8 The IKKβ/NF-κB signaling complex represents a key pathway that regulates apoptosis in epithelial cells and modulates the response of the gastrointestinal mucosa to external stimuli. 9 NF-κB is a transcriptional complex that consists of a heterodimer of p50 and RelA/p65 that in leukocytes can activate numerous downstream target genes, many of which play a role in immune responses.10 Under resting conditions, NF-κB forms a complex with the inhibitor of κBα (IκBα) which serves as a negative regulator of the complex, confining it to the cytoplasm and preventing nuclear localization. Many stimulatory factors, including microbial infection (LPS) and proinflammatory cytokines such as TNF-α and IL-1β, can activate NF-κB, primarily through IKKβ-dependent phosphorylation and degradation of IκBα proteins. 11 Degradation of IκBα allows translocation of NF-κB into the nucleus where it can activated transcription of downstream targets. Indeed, in the murine intestinal epithelium, the NF-κB pathway was shown to be an important mechanism that allows for protection from apoptosis induced by IR and dextran sulfate sodium (DSS) treatment. 12 , 13 Recently, the role of NF-κB in the development of cancer has become more clearly defined through conditional deletion of IKKβ in specific cell types. In the colonic epithelium, deletion of IKKβ results in markedly reduced progression of colon cancer in the AOM+DSS model. 14 In contrast, deletion of IKKβ in hepatocytes results in acceleration of liver cancer in the diethylnitrosamine(DEN) model.15 A similar increase in cancer has been observed in models of skin cancer. 16 In the liver model, the increase in cancer was due to enhanced reactive oxygen species (ROS) production, increased hepatocyte death, and augmented compensatory proliferation of surviving hepatocytes.15 Thus, the early increase in cell death in some of these models has been in a large part attributed to the loss of the antiapoptotic function of IKKβ/NF-κB in these epithelial cells types. In addition, IKKβ has been deleted from myeloid cells in a number of these cancer models that resulted in marked reductions in tumor development, indicating a key role for proinflammatory signals, particularly IL-6, in driving cancer progression.17 Thus, the IKK/NF-κB pathway does appear to be a key bridge between inflammation and cancer.
Little is known about the role of IKKβ/NF-κB in the gastric epithelium and in the predisposition to gastric cancer which is strongly associated with chronic infection with Helicobacter pylori. 18 Gastric cancer is thought to be induced to a large extent by the H. pylori-dependent immune response and the upregulation of inflammatory cytokines such as IL-1β in myeloid cells, 19, 20 although direct interactions between GECs and H. pylori may also play role. In addition, inhibition of apoptosis in Fas null mice blocks gastric cancer progression, 21 suggesting that early induction of apoptosis could drive the development of gastric cancer. Chronic infection by H. pylori has been shown to activate NF-κB signaling in vitro ,22 but the precise localization of NF-κB activation in vivo has not been well defined. Activation of NF-κB by Helicobacter infection is believed to occur at lower levels in GECs, 23, 24 although the precise significance of this interaction is unclear.
To determine the role of NF-κB in response to cellular stress associated with induction of apoptosis, we employed two different models (IR and H. felis infection) in combination with NF-κB reporter mice 25 and IKKβ conditional knockout mice. [26] [27] [28] These studies confirm a key role for IKKβ/NF-κB in epithelial cells in inhibition of both apoptotic and necrotic cell death, and thus in prevention of progression to gastric dysplasia.
Materials and methods

Mice
All animal studies were approved by the Institutional Animal Care and Use Committee at Columbia University. Foxa3-Cre mice on a C57BL6/J × CD1 mixed background were used to direct expression of Cre recombinase to the gastric mucosa. 27 cis-NF-κB EGFP 25 LysMCre , 26 Ikkβ F/F, 28 and Rosa26r reporter mice, 29 on a pure C57BL6/J background were described previously. All protocols for bacterial culture, acute injury model induced by IR, chronic H. felis infection model, histological evaluation, immunohistochemical studies, ELISA, real-time qRT-PCR assay of H. felis infection in mouse stomachs, proinflammatory CC-chemokines, and cytokines are detailed in the Supplementary Methods.
Results
NF-κB is Upregulated in Response to Gastric Epithelial Injury by Ionizing Radiation or Chronic Helicobacter Infection
In order to investigate the role of IKKβ/NF-κB in GECs in vivo, we first studied the activation of NF-κB in the stomach under two conditions of cellular stress, IR and H. felis infection, using the cis-NF-κB EGFP mice. While there were few detectable EGFP expressions under basal nonstressed conditions, we observed a marked induction of EGFP expression 4 hrs after 12 Gy IR, primarily in GECs ( Figure 1A) . We confirmed the marked activation of NF-κB after IR using immunohistochemistry for phospho-IκBα, and nuclear p65-NF-κB, which was higher in Ikkβ F/F mice, compared to mice lacking IKKβ in GECs (Ikkβ Δstom ) ( Figure 1B, Supplementary  Figure 6D ). IR-induced NF-κB activation was also paralleled by a 2.2-fold increase in mRNA levels of TNF-α after 4h IR ( Figure 1C) . As a second model of gastric epithelial injury, we studied long-term H. felis infected mice for evidence of NF-κB activation. Whereas few EGFP expressing cells were detectable in early H. felis-infected mice, greater EGFP expression was seen in later stages of infection ( Figure  2 ). As suggested in previous studies, 20 NF -κB activation at early time points was found mainly in stromal cells in mice showing mild-to-moderate inflammation. However, at 24-mo postinfection, NF-κB activation was detected in both stromal cells and GECs, particularly in animals with gastric dysplasia, as determined by EGFP expression and nuclear NF-κB-p65 ( Figure 2 ). Thus, cellular stress due to both IR and chronic infection results in NF-κB activation in GECs, although the latter case occurs with a delayed time course.
Deletion of Ikkβ in GECs Using the Foxa3-Cre to Generate Ikkβ Δstom Mice
In order to investigate the functional significance of NF-κB in murine GECs, we performed GEC-specific gene ablation of Ikkβ using crosses to Foxa3-Cre mice. 27 Foxa3-Cre mice were initially crossed with Rosa26R mice to see whether Cre specifically recombined the loxP sites in GECs (Supplementary Figure 1A) . Next, we crossed Foxa3-Cre mice with Ikkβ floxed (Ikkβ F/F ) mice to delete Ikkβ gene in GECs (Ikkβ Δstom ) (Supplementary Figure 1B) . 28 In Foxa3-Cre mice homozygous for the Ikkβ F allele, complete recombination of this locus (producing the Ikkβ Δ allele) occurred in GECs (Supplementary Figure 1C and 1D) . Quantification of residual Ikkβ F using qRT-PCR of genomic DNA obtained from whole gastric tissue revealed that <50% retained the non-recombined locus. Since GECs represent only a fraction of the cells in the stomach, the residual Ikkβ expression can be attributed largely to non-epithelial cell types. To confirm this, we isolated GECs and performed qRT-PCR analysis which revealed that Ikkβ mRNA expression in Ikkβ Δstom mice was less than 20% of that in control mice (Supplementary Figure 1E) . In subsequent studies, we compared Ikkβ Δstom mice to control, Cre-negative-Ikkβ F/F littermates. Ikkβ Δstom mice appeared normal, fertile, gained weight at the same rate as Ikkβ F/F mice, and showed no significant phenotypes in the organs analyzed (Supplementary Figure 2) .
Mice with Gastric Deficiency in IKKβ Show More Rapid Progression to Preneoplasia and Neoplasia
In order to explore the long-term consequences of altered gastric epithelial homeostasis in the setting of Ikkβ deficiency, we carried out long-term observational studies in two groups of mice: (1) H. felis-infected Ikkβ Δstom ; and (2) H. felis-infected Ikkβ F/F mice. The mice were all on the same genetic background (C57BL/6 × CD1), and examined at 3, 6, 12, and 18 months after H. felis infection.
Significant gastric lesions were not observed in uninfected mice at any time point up to 18 months of observation (data not shown). In contrast, in all infected groups, gastric mucosal inflammation, epithelial cell defects, pseudopyloric metaplasia, and foveolar hyperplasia were detected, however, oxyntic atrophy was detected only in H. felis-infected Ikkβ Δstom mice at 3 months post-infection. At 6 months post-infection, Ikkβ Δstom mice had marked distortions of the gastric units, decreased number of parietal cells, and increased inflammatory cell infiltration ( Figure 3A ). Every histopathological parameter was more severe in Ikkβ Δstom than in Ikkβ F/F mice. Neither metaplasia nor dysplasia was prominent at this early time point. At 12 months post-infection, there were moderate to severe inflammation, mucous neck cell hyperplasia with dramatic loss of parietal cell confirmed by immunohistochemistry for HK-ATPaseβ and TFF2 in Ikkβ Δstom compared with Ikkβ F/F mice ( Figure 3B, Supplementary Figure 3) . Although metaplastic glands were also seen extending throughout the mucosa of in Ikkβ Δstom , dysplasia was barely detected in Ikkβ Δstom up to 12 months post-infection. The slow progression to dysplasia in this study was due to the mixed CD1/C57BL/6 background which is moderately resistant to Helicobacter-dependent carcinogenesis.
Then, we further observed the mice until 18 months post-infection. There were still significant differences, with greater degrees of pseudopyloric metaplasia, oxyntic atrophy and foveolar hyperplasia in Ikkβ Δstom mice ( Figure 3C ). Importantly, only in Ikkβ Δstom mice showed gastric dysplasia at 18 months post-infection (33%; 4 out of 12), while no mice developed dysplasia in Ikkβ F/F . Consistent with the presence of dysplasia, Ikkβ Δstom mice showed a significant increase in CD44 + cells, a marker for gastric cancer stem cells, 4 particularly in areas with severe gastric inflammation ( Figure 4A ), and we observed increases in DCAMKL-1 + cells, a putative marker for gastric progenitor cells ( Figure 4B ). 30 Finally, we performed immunostaining for a number of stromal markers, and confirmed that alpha-SMA-, collagen-I-and S100A-positive cells were significantly increased in Ikkβ Δstom mice than Ikkβ F/F mice (Supplementary Figure  4) , suggesting that gastric inflammation found in Ikkβ Δstom mice was accompanied by severe stromal reaction. The acceleration in progression to atrophy in the Ikkβ Δstom mice did not appear to be due to alterations in colonization or immune responses against H. felis (Supplementary Figure 5 ). There were no gender differences in phenotypes. Histological changes were summarized in Figure 4C to 4F.
IKKβ Deletion in GECs Results in Increased Apoptosis and Cellular Proliferation Following Either IR or H. felis Infection
Previous studies have suggested that a key role for the IKKβ/NF-κB pathway in epithelial cells is the inhibition of apoptosis. 12, 13 To test the hypothesis that NF-κB functions primarily in anti-apoptotic responses to stressful stimuli in GECs, we examined the apoptotic susceptibility of Ikkβ Δstom mice in comparison to Ikkβ F/F mice following IR or chronic H. felis infection ( Figure 5 ). At baseline, apoptotic GECs in non-challenged Ikkβ F/F and Ikkβ Δstom mice were infrequent. Ikkβ Δstom mice treated with 12-Gy IR showed significantly increased apoptosis at 48 h compared to Ikkβ F/F mice with a 3-4-fold increase ( Figure 5A and 5B). Cell proliferation as assessed by Brd-U incorporation was significantly increased by two-fold in Ikkβ Δstom mice compared to Ikkβ F/F mice ( Figure 5C and 5D ). In the chronic model of long-term (6-18 mo) H. felis infection, Ikkβ Δstom mice showed increased apoptosis that extended to regions not observed in the Ikkβ F/F mice, such as in the lower third of the gastric glands ( Figure 5E and Supplementary Figure 6A ). Since increased apoptosis is the initial response to gastric injury that appears to be amplified after Ikkβ loss, we assessed the expression of anti-apoptotic genes that were known to be NF-κB downstream targets. The prominent apoptotic responses in Ikkβ Δstom mice after IR or chronic H. felis infection were associated with decreased mRNA expression of c-Flip and c-IAP2, well-known anti-apoptotic genes (Supplementary Figure  6B and 6C) , suggesting that loss of antiapoptotic gene expression after Ikkβ loss might be a key factor leading to increased apoptosis.
As in the case with IR, H. felis-infected Ikkβ Δstom mice showed greater increases in cell proliferation compared to H. felis-infected Ikkβ F/F mice ( Figure 5F and Supplementary Figure  6A ). An increase in gastric proliferation has been shown to be largely secondary, representing compensatory responses that occur in reason to increased rates of apoptosis. 31 Taken together, these data suggest that loss of Ikkβ in GECs results in deregulation of apoptosis and proliferation following cellular stress, and thus impaired epithelial homeostasis. This notion was further supported by the finding that 120 h post IR, Ikkβ Δstom mice showed persistent epithelial cell damage, whereas Ikkβ F/F mice showed full epithelial restitution and recovery ( Figure 6A ).
IKKβ-deficient GECs Show Increased Oxidative Stress, Cellular Necrosis and IL-1α Release After IR and Chronic Infection
Previous reports have indicated that hepatocyte Ikkβ inhibits hepatocarcinogenesis in part by suppressing accumulation of reactive oxygen species (ROS) that can lead to severe liver damage and hepatocellular necrosis. 8, 15 In order to further explore the consequences of Ikkβ loss in GECs after IR, we analyzed ROS associated DNA damage and the degree of cellular necrosis in response to IR. To assess the accumulation of superoxide anions, we stained freshly frozen tissue sections with dihydroethidine (DHE), showing greater staining of superoxide anions in GECs of Ikkβ Δstom than Ikkβ F/F mice after IR ( Figure 6A ). ROS production can lead to oxidative DNA damage, which can be assessed by immunostaining for 8-hydroxydeoxyguanosine (8-OHdG). The gastric mucosa of Ikkβ Δstom mice exhibited a higher number of anti-8-OHdG-positive cells than Ikkβ F/F mice 120hrs after IR ( Figure 6A ). In addition, Ikkβ Δstom mice displayed increased necrotic cell damage manifested by abnormal mitotic nuclei and marked increases in nuclear size ( Figure 6A) . Thus, the loss of Ikkβ resulted in increased oxidative stress, DNA damage and cellular necrosis. Oxidative stress induced by ROS has an important role in the formation of gastric injury by Helicobacter infection. 32 18 months post H. felis infection, the gastric mucosa of Ikkβ Δstom mice also exhibited a higher number of anti-8-OHdG-positive cells than Ikkβ F/F mice ( Figure 6B ), suggesting that loss of Ikkβ is likely associated with the ROS accumulation and subsequent DNA damage in this model.
Recently, it has been demonstrated that liver inflammation due to acetaminophen administration is mediated by IL-1α release from necrotic cells. 7 We therefore examined whether IR-induced or H. felis infected GECs also released IL-1α. We found that 120 hrs after IR, the level of IL-1α along with several other pro-inflammatory cytokines (IL-1β, IL-6, CCL2), was much higher in Ikkβ Δstom mice compared to Ikkβ F/F mice ( Figure 6C ). In addition, we also found that IL-1α was higher in Ikkβ Δstom than Ikkβ F/F mice 3 to 18 month post-infection ( Figure 6D ), suggesting that loss of IKKβ in GECs could induce the release of IL-1α which might contribute to more severe inflammatory phenotypes observed in Ikkβ Δstom mice following epithelial stress.
We have proposed that pathologic elevation of a single proinflammatory cytokine, IL-1β, can induce gastric inflammation and cancer in mice. 20 However, while NF-κB signaling is a critical transcription factor for activation of a number of proinflammatory cytokines, we noted only moderate increases in the expression of proinflammatory cytokines in the gastric mucosa of Ikkβ Δstom mice (data not shown). Given the importance of CC chemokine responses in the pathogenesis of H. felis-induced gastric carcinogenesis, we analyzed CC chemokine expression profiles by qRT-PCR in the 2 groups of mice infected with H. felis. MCP-1 (CCL-2), MIP-1α (CCL3), and RANTES (CCL5) were significantly higher in the Ikkβ Δstom mice as compared with Ikkβ F/F mice at early time points (1.5 to 3 months post-infection) (Supplementary Figure 7) . In addition, the circulating levels of interleukin-6 (IL-6) were significantly increased in the Ikkβ Δstom as compared with those of Ikkβ F/F mice at 6 and 12 months post-infection (Supplementary Figure 7D) . Since ROS accumulation is one of the key mechanisms mediating gastric injury after Ikkβ loss, we assessed the expression levels of free radical deactivating enzymes which were typically seen in the setting of ROS accumulation. As expected, they were generally increased in Ikkβ Δstom than Ikkβ F/F mice (except for MnSOD which was regulated by NF-κB) suggesting that IR stress induced ROS accumulation (Supplementary Figure 7E) .
Loss of IKKβ in GECs Results in Accumulation of Myeloid Cells that Promote Progression of Gastric Neoplasia
Recent studies have linked cancer progression to pro-inflammatory cytokines and thus to myeloid cells. To determine whether the loss of Ikkβ in GECs led to any alteration in resident macrophages, we purified thioglycollate-elicited peritoneal macrophages from Ikkβ Δstom and Ikkβ F/F mice, and examined IL-6 production in response to LPS or H. felis. However, there were no significant differences between the two groups (Supplementary Figure 8) . Next, to examine whether the loss of Ikkβ in GECs directly affects macrophage recruitment to the gastric mucosa, we performed immunohistochemistry for F4/80 + macrophages ( Figure 7A and 7B) . The number of F4/80 + cells was significantly greater in Ikkβ Δstom mice compared to Ikkβ F/F mice. Thus, these data suggest that a difference in the rate of recruitment of macrophages into the gastric mucosa might account for differences in the severity of the gastric phenotype in vivo.
To address the functional significance of the Ikkβ in myeloid cells, we used mice specifically lacking Ikkβ in the myeloid lineage (Ikkβ Δmye ). 26 We infected Ikkβ Δmye and Ikkβ F/F mice with H. felis, and analyzed gastric histology and proinflammatory cytokine expression. Ikkβ Δmye mice showed milder gastric inflammation and decreased proliferation rates after H. felis infection ( Figure 7C and 7D) , although there were no differences in terms of apoptosis (data not shown). Ikkβ Δmye also showed reduced mRNA expression of TNFα, IL-1beta, Cox-2, MMP-9, and IL-1alpha ( Figure 7E) . Thus, as opposed to GECs, Ikkβ deletion in the myeloid lineage showed the critical role of Ikkβ in myeloid cells in progression to gastric neoplasia.
Discussion
In this study, we derived mice with conditional deletion of IKKβ in GECs, and have shown that loss of IKKβ in the stomach results in more rapid H. felis-dependent progression to dysplasia in the setting of H. felis infection. In contrast, deletion of IKKβ in myeloid cells inhibited H. felis-dependent progression to atrophy and dysplasia. The rapid progression to dysplasia observed in the Ikkβ Δstom mice was associated with greater susceptibility to apoptosis and necrosis after cellular stress induced by H. felis infection. The increased necrosis was associated with upregulation of IL-1α, and CXCL2, increased infiltration with myeloid cells and more severe chronic inflammation. Taken together, the findings strengthen the association between not only chronic inflammation and cancer, and suggest that IKKβ/NF-κB signaling in GECs suppresses chronic inflammation by inhibiting cellular apoptosis and necrosis in response to severe cellular stress.
Although NF-κB has a well-established role in the activation of numerous cytokines and chemokines that can promote inflammation, this role has been best established in monocytes and macrophages. 20, 33 In contrast, the role of NF-κB signaling in epithelial cells has been somewhat less clear. Although a number of studies have suggested that H. pylori can induce NF-κB activation in gastric cancer cell lines leading to increased cytokine and chemokine expression, 22 there has been limited evidence that Helicobacter can activate NF-κB in primary, non-transformed GECs either in vitro 34 or in vivo. 23, 35 In the current study, analysis of NF-κB activation using NF-κB-EGFP reporter mice showed little or no NF-κB activation in GECs within 12 months H. felis infection, although increased NF-κB activity could be detected in dysplasia. Considering the evidence that shows NF-κB activation in human gastric epithelial cells infected with H. pylori ,22 NF-κB activation might be underestimated somewhat by the NF-κB-EGFP reporter mice. In addition, deletion of IKKβ and thus inactivation of NF-κB signaling led to a worsening, rather than inhibiting, of chronic inflammation. Similar findings in the intestine were reported by Greten and colleagues using villin-Cre to delete IKKβ from intestinal epithelial cells. 14 In the DSS colitis model, loss of IKKβ worsened, rather than inhibited, the inflammatory response to injury. Taken together, these data suggest that NF-κB signaling in the gastric epithelium plays very limited roles in the immune response to infection or injury.
In contrast to a lack of a role for NF-κB in pro-inflammatory responses in the gastric epithelial compartment, NF-κB is likely to be important in the reaction to apoptotic stimuli such as Helicobacter infection. NF-κB activation appears to be a key signaling event required for protection against apoptosis in the gastric epithelium in vivo. Indeed, our data suggest that the defective anti-apoptotic response of epithelial cells in the absence of NF-κB activation lead to increased gastric apoptosis with severe epithelial damage after IR or chronic Helicobacter infection. Previous studies have shown that NF-κB is a critical regulator of survival of intestinal epithelial cells after IR. 12 In addition, the absence of IKKβ in intestinal epithelial cells or hepatocytes resulted in increased apoptosis after exposure to AOM+DSS or DEN, respectively. 14, 15 In our study, deletion of the Ikkβ gene in GECs resulted in marked decreases in the mRNA expression of c-FLIP and c-IAP2, established anti-apoptotic genes and known NF-κB targets, although significant changes in c-IAP2 could not be correlated precisely with the time course of the apoptosis. NF-κB likely regulates other genes or pathways that account for the remainder of the apoptotic resistance normally observed in WT mice. Thus, IKKβ/NF-κB pathways appear to be critical for inhibition of apoptosis and maintenance or homeostasis in the gastric epithelium.
While NF-κB represents a key link between inflammation and cancer, NF-κB deficiency in prior studies has resulted in both decreased 14 and increased 15, 16 susceptibility to cancer, depending upon the tissue and the model employed. In the gastric mucosa, increased apoptotic rates in the setting of Helicobacter infection have been linked to compensatory increases in proliferation and more rapid progression to gastric neoplasia. Indeed Ikkβ Δstom mice showed higher rates of progression to dysplasia. High grade dysplasia, associated with increased CD44 + expression, which has been described as a marker of gastric cancer stem cells, 4 and increased DCAMKL1 + cells, 30 which is a possible gastric progenitor, was observed in Ikkβ Δstom mice but not in Ikkβ F/F . Collectively, our data suggests that loss of Ikkβ might induce proliferation in the number of gastric progenitor cells following loss of parietal cells. Thus, the findings in the Helicobacter-associated cancer model mimics earlier findings of increased cancer with IKKβ deficiency in the DEN hepatic cancer model and the skin cancer models, 15, 16 but differs from the finding of decreased cancer in the AOM+DSS colon cancer model. 14 In these earlier reports, the disparate results in the different models were accounted for by the inflammatory nature of the colorectal cancer model, and the lack of inflammation in the DEN model. However, H. felis, similar to AOM+DSS, induces cancer in a large part through induction of a chronic inflammatory state. 18 The endpoint of our current study was dysplasia, not more advanced cancer, and given our finding of increased NF-κB activity at the dysplastic stage, we cannot rule out that further progression to cancer may be inhibited by the absence of IKKβ. 36 In conclusion, the current study emphasizes the somewhat greater importance of IKKβ/NF-κB signaling in the myeloid compartment as opposed to the epithelial compartment. Numerous studies have demonstrated correlations between the recruitment of myeloid cells, including macrophages, monocytes and myeloid progenitors, and the development of cancer. 20, 33 Deletion of IKKβ using LysM-Cre resulted in downregulation of proliferative responses, and marked inhibition of the expression of numerous NF-κB-dependent genes, such as TNFα, Cox-2 and IL-1alpha. In particular, IL-1alpha, a key inflammatory cytokine and mainly produced by myeloid cells, has been reported to be associated with enhanced angiogenesis and liver metastasis in humans gastric cancers, suggesting that IL-1alpha could be the possible target to treat gastric cancer. 37 In contrast, loss of IKKβ from the epithelial compartment resulted in more severe inflammatory responses to H. felis infection, and increased influx of macrophages to the gastric mucosa, and we attribute this finding to increased epithelial necrosis in the Ikkβ Δstom mice. While much attention has been given to the modulation of apoptosis, a generally non-inflammatory form of cell death, the loss of IKKβ also appears to predispose to increased necrosis. Elevated rates of 8-OHdG staining, a sign of oxidative DNA damage, were observed in both IR and H. felis models of cellular stress, and this increased oxidative stress was associated with increased cellular necrosis. Previous studies have shown that hepatocellular necrosis results in increased IL-1α release, which can mediate the recruitment of inflammatory cells to sites of injury. 7, 8 In the current study, we demonstrated increases in both IL-1α and CXCL2 in IKKβ deficient animals associated with increased chronic inflammation confirmed by histological analysis. Consequently, loss of IKKβ from GEC resulted in increased necrosis, IL-1α release, and recruitment of inflammatory cells that accelerated progression through stages of gastric atrophy, metaplasia and dysplasia. Overall, these findings highlight the important role that IKKβ/NF-κB play in gastric epithelial cell homeostasis and the response to cellular injury.
IKKβ/NF-κB regulates a variety of signaling pathways, including proinflammatory cytokines and apoptosis. Proper regulation of IKKβ/NF-κB on the specific cell types would be required in targeting this transcription factor to treat cancer.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. 
Abbreviations used in this paper
